Many hospital wards need to be staffed by nurses around the clock every day of the year, and because of that, many nurses have to work irregular hours and according to schedules that have a great impact on their personal lives. Today most schedules are made by hand or with limited computer support, and this is both difficult and very time consuming. A common consequence of making the schedules by hand is that the outcome is neither favourable for the nurses nor satisfactory for the running of the ward. The nurse scheduling problem is well suited for addressing with operations research methods, but a challenge for automated scheduling of nurses is the ability to adapt the scheduling to the specific conditions on each ward. The intention of this paper is to provide a piece of practical experience that can help bridge the gap between advanced method development and the use of automatic nurse scheduling in practice. Our approach is to take on the real life scheduling problem with all its details, and to use a straightforward meta-heuristic in order to deliver automatically generated schedules. The contribution of the paper is based on the result of two case studies, which will provide insights into examples of real world nurse scheduling, including evaluation and feedback from the wards.
Introduction
Many hospital wards need to be staffed by nurses around the clock every day of the week, and because of that, many nurses have to work irregular hours and according to schedules that have a great impact on their personal lives. Today there is a shortage of nurses in many countries, and in order to make the nursing profession more popular and to ensure high quality health care delivery, it is urgent to try to improve the working conditions for nurses. One possible and already ongoing improvement is that more flexibility and adaptation to personal requests is introduced in the scheduling.
Many nursing wards still use a traditional kind of scheduling, where the head nurse is responsible for creating a schedule by hand. Using this scheduling strategy leaves little room for flexibility and adaptation to personal requests from the nurses. Creating schedules by hand, or with limited computer support, is manageable, but both difficult and time consuming. The consequence of using this kind of scheduling strategy is that a lot of time and effort is spent on schedules that are neither favourable for the nurses nor satisfactory for the running of the ward. To instead use of a more modern approach for scheduling, of which self-scheduling is a common example, is an appealing alternative, but because of the increase in complexity that this entails, this kind of scheduling has proved to be difficult to use in practice.
The nature of the staff scheduling problems, with their typically huge numbers of possibilities for how to construct schedules, generally make them suitable for addressing with operations research methods. Furthermore, if staff is needed round the clock, as is often the case for nurses, the staff scheduling problem provides a true challenge from an operations research point of view. Ever since the fifties, operations research techniques have been applied to nurse scheduling problems, but as Burke et al. [7] state in their article The state of the art of nurse rostering, Section 4, even though a lot of research has been devoted to applying operations research techniques to nurse scheduling, there is still a gap between the mathematical models and solution methods found in articles and the flexibility that is needed to tackle real life nurse scheduling problems.
The intention of this paper is to provide a piece of practical experience that can help bridge the gap between advanced method development and the use of automatic nurse scheduling in practice. Our approach is to take on the real life problem with all its details, and to use a straightforward meta-heuristic in order to deliver automatically generated schedules. The contribution of this paper is based on the result of two case studies, which will provide insights into real world examples, including evaluation and feedback from the wards.
Background
This section will provide a brief overview of the nurse scheduling problem all the way from the strategic planning, which is done well in advance of the scheduling, to the last minutes updates made on a daily basis. Some references will be given, but as a general starting point for further reading, the surveys by Burke et al. [7] and Cheang et al. [8] are recommended.
The nurse scheduling process
The process of ensuring that there are enough nurses present at all times comprises of numerous decisions based on different time horizons and different levels of details. These decisions can be divided into three planning phases, as illustrated in Figure 1 .
The long term planning is a part of the overall strategic planning process of each ward. First the ward managers must estimate how many nurses with each of the necessary skills are needed during all possible time periods of the day. Given these needs, the managers can determine how the days should be divided into working shifts and the staffing demand for each of these shifts. Based on this staffing demand, the kind of nurses necessary and their terms of employment can be decided. An example of such a condition is whether or not a nurse should work night shifts. The long term planning is done for the first time when a new ward is opened, and the plan is then updated regularly, for example annually, and as well as whenever major changes occur. More information about this phase of the planning can be found in Arthur and James [1] , Ghosh and Cruz [14] , Venkataraman and Brusco [22] , and Fagerström et al. [13] .
When the staffing demand is known and there is a given workforce of nurses, each nurse is assigned to a schedule specifying which shifts she should work, usually for a scheduling period of four to ten weeks. This phase in the planning process can be referred to as the mid-term planning, or nurse rostering. From an operations research point of view, this is the most well studied of the three phases of planning. Examples of surveys of staff rostering in general are Ernst et al. [11] and Ernst et al. [12] , and surveys specialising in nurse rostering are Burke et al. [7] and Cheang et al. [8] . Mid-term planning is further described in the next section. The work presented in this paper mainly concerns mid term planning, and this is henceforth what we refer to when the term scheduling is used.
The schedule produced during the mid term planning should be seen as a viable plan, but the conditions for the staffing can change over time and necessitate some rescheduling. For example, a nurse can call in sick just before the shift starts, or the number of nurses needed can be different from the original estimate. Whenever there is a shortage of nurses for a shift, the short-term planning consists of deciding whether to use overtime, to call in a nurse on her day off, to call in a substitute nurse, or to try to manage despite the shortage. How to incorporate an optimisation tool in short term planning is dealt with in Bard and Purnomo [4] , and in Moz and Pato [19] for example.
Mid-term planning
There are two main approaches to creating a schedule for nurses; either the schedule can be unique for each scheduling period, or it can be cyclic, that is, the same schedule can be used repeatedly, period after period. In recent years, non-cyclic scheduling has gained a lot of popularity due to the flexibility that follows from creating a unique schedule each period. Because both these approaches are common in practice, in our work we have chosen to present case studies in which one of the wards uses non-cyclic schedules and the other uses cyclic ones. The details regarding the differences between cyclic and non-cyclic scheduling will be presented in more detail in Section 2.5.
Whether the schedules are cyclic or not, there are some fundamental considerations that need to be taken into account when creating them. On the ward,there is a given staff of nurses that should be assigned to shifts. The nurses have different skills and individual contracts stating which shifts they can work and for how many hours per week they should work. For each shift, for example a day, an evening, or a night shift, there are given demands for nurses with certain skills, and these demands should be fulfilled.
In addition to assigning the nurses to shifts in such a way that the staffing demands are fulfilled, there are scheduling rules that prescribe the properties of a schedule. Firstly, the schedules must be consistent with the prevailing laws and regulations regarding staff scheduling. Secondly, there are always some quality aspects to consider for the schedule to be acceptable to the nurses, and thereby possible to use. A typical example of such a quality aspect is the even distribution of unpopular shifts.
Given detailed information regarding the requirements described above, the task of creating a schedule for a nursing ward is complex, but doable. On many hospital wards, this work is still carried out manually, which is time-consuming and often results in schedules with undesired properties. Operations research methodology is well suited to addressing the mid-term planning problem, and a lot of research has been carried out within this field during the last five decades. Some examples can be found in Dowsland [9] , Dowsland and Thompson [10] , Bard and Purnomo [3] , Berrada et al. [5] , and Jaumard et al. [17] .
As mentioned earlier, working a mixture of both weekdays and weekends, and both day-and night-time, has serious consequences on the personal lives of the nurses. The so called preference scheduling is a popular way of trying to improve the working conditions for the nurses as it takes their requests and opinions into consideration when creating the schedule. However, the ambition to also take the nurses' desires into account further complicates the scheduling process.
A rather extreme form of preference scheduling is self-scheduling, which is a process in which nurses themselves are responsible for creating a schedule for each scheduling period. There are several ways of carrying out this process, for examples see Bailyn et al. [2] and Karlsson [18] . Note however that even if the intentions behind using self-scheduling are good, it is often a real challenge to make it work well in practice when the schedule is created by hand.
Approach and objective
Based on discussions with health care representatives who act on different levels of their organisations, we have concluded in earlier studies that a key to success for the automated scheduling of nurses is the ability to adapt the scheduling to the specific conditions on each ward. Based on this observation, we have developed a model designed to be easily adapted to different work places. To present all the details of this model is beyond the scope of this paper, so instead, we describe the kind of issues the model can handle, since this helps to answer the question of what it takes to automatically create a schedule for nurses in practice.
In order to carry out the case studies, we have designed a tabu search strategy focused on modularisation and flexibility rather than on short solution times. From a research point of view, this search strategy is of little interest, because it merely includes the standard components of a regular tabu search, see for example Burke and Kendall [6] and Reeves [20] . For this reason, the tabu search strategy will be only briefly described in this paper, thereby allowing the focus to be on the results of two case studies carried out in order to demonstrate the wide variety of aspects to consider when scheduling nurses.
A comment on the choice of solution method
The reason for choosing a tabu search approach is twofold. Firstly, solving integer linear programs, such as scheduling problems, all the way to optimality is typically very difficult. Secondly, doing so in our setting is not practically meaningful, since when it comes to a schedule for nurses, the difference between an optimal solution and a good solution can be rather insignificant, because it might be just a few shifts that differ.
Why not use a branch and bound approach in a commercial solver and settle for a good solution there? Branch and bound is a viable approach, but a tabu search dedicated to the nurse scheduling problem is more likely to be more easily adaptable to different work places than a traditional integer programming model. Furthermore, when comparing these two solution processes and how the relaxation of the problem is made, there is a significant difference. In a traditional branch and bound approach, the integrality requirements are relaxed during the solution process, which means that the intermediate solutions do not constitute meaningful schedules. In our tabu search, the integrality is kept and instead some constraints are relaxed, which means the intermediate solutions during the search will always be complete schedules, though not necessarily fully feasible ones. In a nurse scheduling setting, the distinction between feasibility and infeasibility is not always clear, and rules are often expressed in terms of what is preferable, thus making it an advantage to easily be able to change which constraints should be relaxed and which should not, and to be able to produce good and near-feasible solutions during the search.
The case studies
The two case studies to be presented have been carried out in three steps. First, we met with representatives of the ward in order to collect information about their ward and their scheduling. In the second step we ran the tabu search to find schedules to deliver to the ward, and during this step we had to ask the head nurse further questions about their scheduling conditions and suggest schedules in order to get feedback. The last step involved analysing and evaluating the final schedules.
As we will describe, the results of both the case studies show that we were able to automatically generate schedules that are at least as good as the manually constructed ones, which can be seen as a first step towards verifying that our approach is flexible enough for real life nurse scheduling problems.
Due to practical reasons, both case studies have been carried out in Sweden, which is clearly a limitation. From what we know from the literature (see the references in Section 1.1) the aspects to consider do however seem quite similar in other countries, although some of them take slightly different forms.
Outline of the paper
The two sections below will give a brief description of our mathematical model and tabu search approach. The two sections to follow then present the two case studies, and these are then followed by some concluding remarks.
Modelling framework
As described in the introduction to this paper, in order to produce schedules applicable to a real world nursing ward, it is crucial to be able to tailor the model to fit the rules and conditions on the ward in question. We do this in two steps, starting from a platform which we present in this section as our modelling framework. As can be seen in Figure 2 , the first step is to specify the characteristics of the ward in order to be able to create a model tailored to the ward, and then in a second step, for each scheduling period, include period specific information, such as staffing demand and preferences from the nurses.
The overall design of the modelling framework is divided into the following blocks, which will be presented in the remainder of this section.
Minimise
The deviation from the staffing demand Maximise Fulfilment of requests from the nurses Fairness among the nurses Subject to Staffing demand Scheduling rules Quality aspects Figure 2 : Within the modelling framework, the model is tailored for the needs of each ward and then supplied with data for each scheduling period.
In this section, the staffing demand, the scheduling rules, and the quality aspects will all be introduced as normal constraints. In reality some of these constraints are soft, which means that they only need to be fulfilled if it is possible. Which constraints are of this kind, and how important it actually is to fulfil them can vary from ward to ward. We ignore this distinction for the time being and will return to it when describing the tabu search in Section 3.
The aspects that need to be considered when automatically generating a schedule is heavily dependent upon the strategy the ward uses for their scheduling, and also on how their scheduling process is carried out. The modelling framework to be described could be used for cyclical as well as non-cycical scheduling, and should preferably be used together with self-scheduling. The distinction between these different scheduling strategies and how they affect the automatic scheduling, will be addressed in Section 2.5.
Staffing demand and substitute nurses
In the course of one day, a ward normally needs a varying number of nurses who possess different kinds of skills; something which should be matched to the members of a nursing staff, who typically have different education, training and qualifications. In our model, the need for nurses is expressed in terms of a staffing demand, which is an estimate of how many nurses are needed during a shift. This staffing demand is accompanied by a profile describing the skills needed to fulfil the demand in question. For each shift, the staffing demand is given as a lower and an upper bound on the number of nurses needed.
Below follow some examples of differences between nurses on a ward:
• The nurses have different levels of education which place them in different categories, such as trained nurses and assistant nurses.
• There can be certain tasks that only some of the nurses have the proper training for.
• The nurses can be divided into groups, within each category of nurses or across the categories. The staffing demand may, for example, include that at least one nurse from each group covers a certain shift.
• Two wards partly share a nursing staff, meaning that some of the nurses, but perhaps not all, can cover shifts on either of the two wards.
When tailoring the model to a new ward, one specifies the kinds of categories, groups and skills that are of relevance and what profiles are needed to cover a certain staffing demand. When it comes to the shifts, these are labelled to be either a day, an evening or a night shift, and it can be determined individually for each nurse when the shifts starts and ends.
If the staffing demand cannot be met by the nurses available, substitute nurses might need to fill the shortage, something which in practice costs money. For this reason, the use of substitute nurses should be kept at a minimum, hence making it an objective to minimise the number of under-staffed shifts. In addition, the number of over-staffed shift is minimised, because it is better to fill other not yet fully staffed shifts instead.
When creating the schedule, most of the staffing demand can be fulfilled in numerous ways by different combinations of nurses, but there is also a kind of staffing demand which usually concerns a predetermined nurse and shift, and because of that, the fulfilment of this demand is predetermined. Examples of such demands are holidays, administrative tasks, and meetings or courses.
Scheduling rules
An automatically generated schedule must of course be consistent with rules such as prevailing laws and regulations regarding staff scheduling, and our means for accomplishing this will be presented here. These types of rules are mainly of the following two kinds.
• Rules of a combinatorial nature, stating which shifts can be combined and not.
• Rules concerning the number of hours worked.
The combinatorial constraints are easily handled by stating which combinations of shifts are possible and not, either for all nurses on a ward simultaneously or, if the rules differ among the nurse, for each nurse individually. Rules concerning how many days in succession that a nurse is allowed to work are handled similarly, and these rules can also be made dependent on the kind of shifts worked.
When it comes to keeping track of the number of hours worked, every nurse is assigned a nominal number of hours to be worked per week, and this is the number of hours she should work on average according to her employment contract. This nominal number of hours typically varies among nurses. In practice, it is not possible to allow the nurses to work their nominal number of hours every week, and a limited deviation must be allowed. This deviation is called a time status, and it is updated every week. Its bounds control the accumulated maximum deviation from the nominal number of hours.
A ward may wish to further control the deviation from the nominal number of hours to be worked. For this purpose, the model offers the possibility to control the number of hours each nurse works both during the whole scheduling period and during a single week, which can be set to start on a Monday or on any other day of the week. These hours are then allowed to vary within certain intervals which are set for each workplace. Combining these three measures correctly is a good means for evening out the workload for each nurse during a scheduling period.
Quality aspects
In order to create a schedule that complies with the laws and regulations, it is sufficient to take into account the aspects of the scheduling described previously in this section, but considering these aspects only will not be sufficient to produce a schedule that can actually be used by a nursing ward. Below, we present the remaining considerations to be taken into account when creating a schedule; these will be referred to as quality aspects. At first glance, one might believe that quality aspects are less important than the rules described earlier, but this is actually not the case in practise. The quality aspects have shown to be just as important as the scheduling rules.
Legislation on working hours puts some limitations on how many days in succession a nurse is allowed to be at work, but on many wards there are additional rules whose purpose is to improve the working conditions for the nurses. A typical example thereof is a rule for how many nights in a row a nurse is allowed to work. These kinds of rules can be individual for each nurse, depending for example on her preferences and ability to work nights.
All the previously described rules for how to combine shifts have considered which shifts not to combine. It is also quite common that wards have policies for shifts that should be combined. A typical such example is that at least one of the nurses working the evening shift should also work the day shift the morning after, because then at least one of the nurses then is up-to-date about what happened the day before. In addition to the regular scheduling rules, a ward can also have a policy with additional rules on which shifts not to combine.
For natural reasons, some kinds of shifts, for example evening, night, and weekend shifts, are less popular among the nurses. These unpopular shifts should therefore, in some sense, be fairly distributed among the nurses. What is considered to be fair differs among wards, but it is crucial to distribute these kinds of shifts according to what is accepted on the particular ward. Some of the examples we have come across for night shifts are:
• All nurses shall work the same number of night shifts.
• For each nurse, the number of night shifts worked shall be proportional to the percentage of full-time she works.
• Each nurse is assigned to a category, depending on the percentage of full-time she works, and for each such category it is determined how many night shifts shall be worked.
• The head nurse determines for each nurse individually how many night shifts she shall work.
Fairness can be desired within a group of nurses only, or within the whole nursing staff. What also differs between wards is how they distribute the weekend shifts among the nurses. Some wards focus on the number of weekend shifts worked, while others only let the nurses work complete weekends, including at least shifts on both Saturday and Sunday, and therefore count whole weekends. It is generally not possible to achieve complete fairness among the nurses, and therefore we keep track of the deviation between the number of an unpopular kind of shift that the nurse should work and the number that she has actually been assigned to. For some wards, it is crucial to achieve the best possible level of fairness, even at the expense of other preferences (this is typical for cyclical scheduling), while for other wards it is less important, as long as deviations are kept born in mind for the next scheduling periods and made up for in the long run.
Requests and fairness
One important benefit of using operations research methods for scheduling nurses is how easily the nurses' preferences can be taken into account when creating the schedule. Some preferences come in the form of individually adjusted scheduling rules or quality aspects as described above, but most of them come as requests for when to work and not, and this kind of requests is in turn divided into two types, hard and soft. When creating our model, we introduced a system for making and handling these requests, and this system is presented here.
A hard request is directly translated into a staffing demand for the specific nurse and shift, and such a request must be approved beforehand by the head nurse. Examples of such requests are holidays, courses, and meetings. Some wards also allow for hard requests based purely on personal preferences, as for example to be free on a Wednesday evening because you want to go to the theatre. How and when the nurses can make hard requests is regulated by a policy created by the head nurse.
A soft request gives the nurse the possibility to have preferences about when to work and not, and this kind of request will be fulfilled if possible. The nurse can grade the request to be standard or important. When introducing the possibility to make requests, one challenge is to measure the fulfilment of requests in a fair way, including taking into account that:
• There are different types of soft requests.
• Nurses working different percentages of full-time work different numbers of shifts, which affects the number of requests that can be fulfilled.
• Nurses with many hard requests, for example those having a weeks holiday, have fewer days for which to make soft requests, and this affects the number of requests that can be fulfilled.
• Each nurse has her own strategy for making requests, using many or few, or perhaps even trying to cheat the system.
The level of request fulfilment must be measured in a fair way, without leaving the nurses a possibility to take unfair advantage of the system. The main principles for how this is accomplished is described in the article Rönnberg and Larsson [21] . The calculations presented there lead to a normalisation of the fulfilment of requests, and the final outcome of these calculations is referred to as a score for each nurse. One objective when creating the schedule is to maximise the total sum of scores, but if this objective is used alone, the scores of the resulting schedule are likely to vary significantly among the nurses, and therefore the schedule will probably not be acceptable to them. Fairness is the key to achieve acceptance, and therefore an additional objective is to maximise the score for the least favoured nurses. Furthermore, a high fulfilment of requests and a high level of fairness in every scheduling period is difficult to achieve without violating scheduling rules or allowing the schedule to have other unwanted properties. It is therefore vital to find the right balance between the objectives, and also to bear the score in mind between scheduling periods and strive for complete fairness in the long run.
Scheduling strategies
Depending on the context in which the schedule is to be used and on how the scheduling process is carried out, what is considered to be a good schedule and not can differ. The two main categories of scheduling strategies are cyclical and non-cyclical, which will both be described below. A third strategy, which will also be commented on, is self-scheduling, a kind of noncyclical scheduling that has quickly grown in popularity during the past two decades. Our modelling framework is designed such that all of these strategies can be applied.
Cyclical schedules
Using a traditional cyclical schedule means repeating the same schedule over and over again until the ward decides to change the schedule. Each schedule is typically of a period of between 4 and 10 weeks and is used for 6-12 months. Since the same schedule is used repeatedly it is very important that it is almost perfectly fair with respect to the score, the distribution of unpopular shifts, the number of hours worked, and quality aspects. This choice of scheduling strategy imposes the boundary restriction that the first week of the schedule can follow on from the last week. Further, because the nurses are bound to use the same schedule over and over again, they typically have a low level of influence on the scheduling when this kind of strategy is used.
Non-cyclical schedules
Non-cyclical scheduling means that a new schedule, usually for a period of 4-10 weeks, is created for each scheduling period. The advantage of creating a new schedule for each period is that it offers greater flexibility due to the possibility to take into account both changes on the ward and period specific requests from the nurses. A boundary condition is that the first weeks schedule is affected by the last weeks schedule from the previous scheduling period.
Instead of making the schedule very fair in each period, it can be made reasonably fair and then information about for example the score, the distribution of unpopular shifts, and the number of hours worked can be passed on to next period, and in this way a high level of fairness can be achieved in the long run.
Self-scheduling
Self-scheduling is a general term used for the kind of scheduling processes where the nursing staff is jointly responsible for creating the schedule. This kind of scheduling exists in different forms around the world, but here our description is restricted to a kind of self-scheduling used in Sweden. Described briefly, this Swedish self-scheduling involves the following steps.
1. Without taking into account the staffing demand and other nurses' preferences, each nurse individually proposes a schedule for herself.
2. An improved and more feasible schedule is created through informal negotiations between the nurses.
3. A scheduling group consisting of around four nurses makes further improvements to the schedule.
4. The head nurse makes some final adjustments and approves the schedule.
Through contacts with several Swedish nursing wards, we have learnt that this kind of selfscheduling is much appreciated by the nurses, but unfortunately also associated with considerable problems. Making adjustments through informal negotiations often turns into a long and cumbersome process, which makes this kind of self-scheduling not only very time-consuming but also a source of conflicts. These problems however are not unique for this kind of self-scheduling, but are instead quite common for self-scheduling in general, see Bailyn et al. [2] .
One great advantage of self-scheduling is that the scheduling is individualised and that the nurses can influence on when they work. The value of this influence is the reason why many Swedish wards use self-scheduling, despite the drawbacks presented. For a complete description of this kind of self-scheduling, the reader is referred to Rönnberg and Larsson [21] .
A sketch of the tabu search design
The intention of this section is to provide a brief overview of how the tabu search algorithm explores the set of solutions on its quest for finding a solution good enough to be chosen as a schedule to be delivered to a ward. The main considerations in a tabu search, such as constraint relaxation, choice of neighbourhood, the evaluation function, and the search strategy, will be briefly commented on below.
Constraint relaxation and neighbourhoods
As described in Section 2, the model is very flexible with respect to the constraints it is possible to include. It is common that some of these constraints are more important than others. Some constraints must always be complied with, while others serve more as guidelines and preferences. Because of this distinction, the constraints are divided into two categories, hard and soft, where a hard constraint has to be complied with, and a soft constraint is to be respected if possible. The constraints of the latter kind can in turn be ranked according to their importance. A common example of how this categorisation could be applied is to forbid a nurse to work six days in a row, while working five days in a row can be set to be unwanted but still feasible.
During the search, each intermediate solution is a schedule where the nurses have been assigned to shifts. On the one hand, to allow the search to explore feasible solutions only can prevent the search from reaching areas in the solutions space that can be of interest, and therefore some of the hard constraints are relaxed and the violations of these constraints are instead penalised in the evaluation function. On the other hand, in order to preserve the structure of the problem and also to keep the neighbourhoods within a reasonable size, some of the hard constraints are always required to be fulfilled during the search. As a consequence, the only conditions for a schedule to be a possible intermediate solution during the search is that all non-relaxed hard constraints and all hard requests are satisfied.
In general, a move is made by changing the shifts to be worked by a nurse, and all possible such moves constitute the neighbourhood. The neighbourhood is changed during the search, and sometimes only a subset of the full neighbourhood is explored. Such a subset is chosen primarily as it is considered to be promising with respect to the current phase, but also with some randomness included. In order to avoid discrimination if a tie occurs, it is broken by making a random choice. The strategy of including randomness in some decisions also helps to diversify the search and to avoid cycles.
Evaluation function and search strategy
The three original objective functions introduced in Section 2 were: to minimise the deviation from the staffing demand; to maximise the fulfilment of requests; to maximise fairness among the nurses. These three objectives, together with the penalties for violating soft constraints and relaxed hard constraints, will constitute the evaluation function.
The different contributions to the evaluation function are grouped into three components in order to enable the search to be guided to focus on different aspects during different phases of the search. These three components are the following.
Staffing: To reduce deviation from the staffing demand.
Hard constraints: To reduce violation of the relaxed hard constraints.
Preferences: To reduce violation of soft constraints, to improve the fulfilment of requests, and to achieve fairness.
Each component is represented by a function obtained by weighing together the contributions to be taken into account in that component. The components are then weighed together to obtain the evaluations function. The search starts from a solution, that is a schedule that fulfils the non-relaxed hard constraints and all requests made by the nurses. From the point of view of each individual nurse, this initial solution is an optimal one, but it does not constitute a complete feasible schedule. The aim of the tabu search is therefore to find a good and feasible solution which is as close as possible to the initial one. The change of focuses among the three components is obtained by changing the weights between the components, yielding the behaviour known as strategic oscillation. The phases changes are illustrated in Figure 3 , where a sharp turn in the search represents a change of focus. Changing focus during the search also serves as diversification, while keeping the same focus for a long time serves as intensification. When to change phases and what to focus on is controlled by factors such as the number of iterations within the same phase and the results of the moves during the phase, as well as randomly triggered events.
Tabu Lists, Aspiration and Termination
Static as well as dynamic tabu lists are used in order to avoid cycling. Some of these are effective within a phase while others are designed to control what happens between phases. The tenures of the lists are dependent on the size of the scheduling problem under consideration.
As an aspiration criterion, all tabu lists are ignored if a move leads to a solution that violates no hard constraints, has no deviation from the staffing demand, and has the best evaluation function value ever. The search terminates after a predetermined number of moves or when a predetermined number of feasible schedules has been found.
Outcome of the search
As will be demonstrated by the case studies in the next section, there can be significant differences between wards. One consequence of these differences is that different measures are of interest when evaluating outcomes of the automatic scheduling. What measures are of interest is considered both when tailoring the model to the ward and also when setting the parameters for the tabu search. Examples of such parameters are the weights in the evaluation function and the tenures of the tabu lists. Making the right choices of parameter settings or not, can make the difference between success and failure. This lack of stability with respect to the parameter settings is of course a drawback of the solution method used, and also a reason for continued research to find a method less dependent on parameter settings.
Case study 1
The first case study was carried out on a hospital ward specialised in treating patients with infectious diseases. This case is a continuation of the pilot study presented in Rönnberg and Larsson [21] , which was carried out on this same ward. Within the scope of the previous pilot study, we used an AMPL (see [15] ) implementation of a predecessor of our current model and CPLEX (see [16] ) as solver for delivering schedules to the ward. During the long collaboration that we have had with this ward, we have delivered CLPEX-generated schedules which they have used. With regard to the three schedules presented in this section, these were the first ones created using our tabu search method, and they were therefore not used, but only evaluated. After these three periods, the collaboration continued and we have delivered a schedule for the ward to use, instead of them making one themselves.
Since all the schedules delivered so far have had the same characteristics, we find it sufficient to present the first three only. Moreover, during these three periods, the model remained almost unchanged, and because of that, some data will only be presented for one of the periods, to serve as an example.
The scheduling process used on this ward is self-scheduling, a brief description of which is found in Section 2.5 and a more thorough one in Rönnberg and Larsson [21] . Because the nurses on this ward are used to self-scheduling, the fulfilment of requests for shifts is of great importance to them, and therefore the analysis of the result will focus on the fulfilment of requests. As will be presented, the ward uses no soft constraints, but only hard ones.
The ward
The ward has the capacity to care for 30 patients at a time, and it is staffed around the clock. The staff usually consists of about 15 trained nurses and 15 assistant nurses (in Swedish: sjuksköterskor and undersköterskor, respectively), with the difference between the two categories being that the trained nurses have a university degree in nursing, while the assistant nurses have only studied nursing at an upper secondary school. The trained nurses have more responsibilities and are permitted to perform more qualified tasks than the assistant nurses. The nursing ward is integrated with an open clinic, also specialised in infectious diseases, and some of the trained nurses work both on the ward and in the clinic.
The ward uses three types of shifts, day (approximately 6.45 a.m. The number of nurses employed on the ward varies somewhat, but in our example, taken from scheduling period 3, 16 trained nurses and 14 assistant nurses were working on the ward. Most of these nurses, namely 12 trained nurses and 13 assistant nurses, work all the three types of shifts, while the other nurses work day and evening shifts only. Not all of the nurses work full-time, and the percentage of full-time they work can be seen in Table 1 For each shift during a week, the staffing demand specifies the minimum and the maximum need for trained nurses and assistant nurses, as well as the total number of nurses needed. Because the staffing demand was the same during each scheduling period and almost the same for all periods, we give only an example of a typical week in Table 2 . The staffing demand for trained nurses/assistant nurses/total number of nurses.
The staffing demand for the open clinic usually requires need one trained nurse each day shift during weekdays. This demand can be fulfilled by a few of the trained nurses only, and the shifts at the clinic should be distributed evenly among these nurses.
Both night and weekend shifts should be evenly distributed among the nurses. However, if there would be a nurse working 50% of full-time or less, she should work only half as many shifts on both nights and weekends, as a nurse working full-time.
The combinatorial kinds of constraints used are:
• A nurse can work at most five days in succession.
• A nurse can be scheduled to work at most three consecutive night shifts.
• A nurse can work at most one shift per day.
• After working a night shift, a nurse may not be scheduled to work on the day or the evening shift the following day, or the day shift on the day after that.
• When working during a weekend, a nurse works either only days and evenings, or only nights.
• If working a weekend comprising of days and evenings, the nurse shall work both Saturday and Sunday, as well as either the evening shift on Friday or the day shift on Monday.
• There are no special rules for working nights over a weekend.
The number of hours worked is controlled by a time bank and intervals for the number of hours worked, both per week and in total during the period. The time bank is set to ±20 hours and the number of hours worked is allowed to vary between 50% and 160% of the nominal values within a week, from Monday to Monday and from Friday to Friday, and with ±20% within the period.
The schedules
We will present the results from three scheduling periods, of respectively five, eight and eight weeks. As stressed earlier, the fulfilment of their requests is of great importance to the nurses on the ward. Table 3 shows the kinds of requests used for our scheduling on the ward, and how many requests of each kind that were made. The solution times for the tabu search varied from a few hours to a few days. We find this acceptable since no major effort has been made to reduce these times, and also keeping in mind that a new schedule is needed only about five to ten times a year. The tabu search was able to find feasible schedules, both with respect to the staffing demand and the hard constraints, for all three scheduling periods.
An interesting measure for evaluating the outcome of the scheduling is to count the percentage of fulfilled requests each nurse receives. A histogram showing this result is presented in Figure 4 , and as can be seen there, fulfilment is both quite high and quite fair, with a request fulfilment rate of at least 60% for each nurse.
It is worth mentioning that the results of period three are from a second attempt by the tabu search to find a schedule for this period. When running the tabu search the first time, it was discovered that the input data was not consistent with respect to the number of nights requested and the number of nights that should be worked by some of the nurses. After adjusting these numbers, the tabu search obtained the result presented here.
The remainder of this section is devoted to evaluating and analysing viability of automating the self-scheduling process by using our tabu search method. A cornerstone in the Swedish self-scheduling process presented is that nurses shall request as many shifts as they should work. The deviation between the requests made and the final schedules can therefore be represented by swaps of shift; that is, if a nurse does not work a requested shift, then she has to work some other shift. The swaps can be divided into two types, primary swaps and secondary swaps.
By primary swaps is meant those swaps that are directly caused by the difference between the staffing demand and the requests made. The primary swaps are sufficient to redistribute nurses from over-staffed shifts to the ones with a shortage, but in order to create a schedule that is also consistent with the scheduling rules, further swaps might be required, and those are called secondary. The two types of swaps are illustrated in Figure 5 . In this example, there are three shifts that need to be staffed, which can represent any one of the three shifts in a scheduling period, and they do not need to be consecutive or ordered. The staffing demand is three nurses for each shift. In their proposed schedules, three nurses request the first shift, two request the second, and four request the third one. In Case A, it is possible to let one of the nurses who requested to work the third shift to work the second shift instead, which requires only a primary swap. In Case B, it is not possible for any of the nurses who requested the third shift to work the second one, for example because they do not have the right skills. Instead, one of these nurses is moved to shift one, which she is allowed to work, and then one of the nurses from shift one, who can work the second shift, is moved to the second shift. In this case, both a primary swap and a secondary swap are required.
In the analysis which follows, we only consider requests for working shifts. In Figure 6 there are three bars that represent the result for each scheduling period. The first bar shows the total staffing demand for the period. The second bar shows the number of requests that coincide with the staffing demand, that is to say the difference between the first and the second bar is the number of primary swaps required. The last bar represents the number of requests for working, of any strength, that were fulfilled by the tabu search. Hence, the difference between the second bar and the third bar is the number of secondary swaps, plus the number of requests not fulfilled because the schedule does not correspond to an optimal solution.
In our example, the total staffing demand is nine nurses, and for each of the shifts, the number of requests that coincide with the staffing demand are three, two, and three, respectively. In the kind of diagram described above, the first and the second bar would be nine and eight units high, respectively, with the difference corresponding to the single primary swap required. In Case A, the third bar would be of the same height as the second one, since only a primary swap is needed, while in Case B, the third bar would be one unit lower, because of the secondary swap.
The number of primary swaps required can clearly not be affected by any optimisation tool, or by any other approach for creating the schedule, because it depends solely on the difference between the staffing demand and the requests made by the nurses. If this difference should be large, there would be no reason to use self-scheduling at all, because it would then not be possible to meet many of the requests. However, as is illustrated in Figure 6 , about 81% of the requests made in this case study coincide with the staffing demand; which we find very promising.
One welcome result is that there were as few secondary swaps as is shown in Figure 6 . Although the secondary swaps are induced by the scheduling rules, the number of such swaps is highly dependent on how the ward is staffed. If all nurses work a high percentage of full-time, then it is more difficult to create a schedule than if there are more nurses, who all work a lower percentage of full-time. The number of nurses who have the same skills and who therefore can fulfil the same demand is also important, since this affects the likelihood that a primary swap will be sufficient.
Feedback from the ward and discussion
The results presented show that the model and the method used were able to create feasible schedules for all three scheduling periods. The schedules were reasonably fair and all complied with at least 60 % of the requests made by each nurse. The head nurse seems convinced that it will be possible to automatically generate schedules for the kind of self-scheduling that they use, but that how the automatic generation is implemented and presented to the nurses will be crucial if it is to receive acceptance. She also agrees that it is important to consider the schedule created by this tool as a suggestion that can then be adjusted by the nurses themselves, if such adjustment leads to an improvement. The schedules presented were in need of some minor adjustments, something that probably is, and always will be, inevitable; but compared to the work of creating the schedules manually from scratch, this workload is negligible.
The fact that our collaboration with this ward continued after the case study and that we have since delivered a schedule that is to be used, is a result that we believe speaks for itself.
Case study 2
The second case study was carried out at a home care unit in Norrköping, where they use a six week cyclical schedule, which is typically repeated for around six months. At this work place, the nurses are not allowed to make requests in a self-scheduling sense, due to the difficulties the head nurse has experienced in handling the requests when creating the schedule manually. Instead, the head nurse allows the nurses to make a very limited number of simple requests, such as not being scheduled on Tuesday evenings.
Instead of evaluating the schedule with respect to the fulfilment of requests, as we did in Case study 1, the measure of quality here is associated with the ability to comply with soft constraints, and to do it in a fair manner. The importance of complying with soft constraints is a consequence of using cyclical schedules; since the same schedule should be repeated over and over again, certain properties of the schedule are preferred to others, and fairness with respect to these is crucial.
The collaboration with the ward was initiated around six months before this paper was written and we have therefore only had the time to create one schedule for them, alongside their original scheduling procedure. At the same as this paper was written, the tabu search method presented was used to deliver a schedule for the ward.
The ward
The 29 nurses employed on the ward are all assistant nurses, and they are divided into groups depending on which geographical area they primarily serve. The groups, Group 1, Group 2, and Group 3, consist of 12, 10, and 7 assistant nurses respectively. Not all the nurses work full-time, and the percentage of full-time they work can be seen from Table 4 .
The three types of shifts they use are day shifts, evening shifts, and split shifts, which means that a nurse works half a shift in the morning and half a shift in the evening. The length of a shift is determined individually for each nurse, depending on the percentage of full-time she works and also on whether it is a weekend or a weekday. A day shift starts at 7.00 a.m. or Part of full-time 50 % 55% 60% 70% 75% 77.5% 80% 85% 90% 100%  Assistant nurses  2  1  1  1  3  2  2  1  2  14   Table 4 : The number of nurses working a certain percentage of full-time.
at 8.00 a.m. and the length of the shift is between 4 and 8 hours. The evening shifts are also between 4 and 8 hours long, and the split shifts are 9 or 10 hours long. The staffing demands for the evening and the split shifts are only expressed in terms of the minimum number of nurses needed, and can be seen in Table 5 . For the day shifts, there is a total minimum number of nurses needed, of whom some nurses must work a long day shift. Three of the nurses have a fixed schedule created by the head nurse, and two other nurses each have a fixed schedule for half of the period because they have specific tasks to perform then. In each scheduling period, every nurse is required to attend two meetings, one with her group, and one with the whole nursing staff. These meetings are each scheduled as a two-hour afternoon shift.
Mon
When it comes to the scheduling rules, some of them apply to all the nurses while some may apply only to some nurses. The constraints will be presented such that regular constraints are presented first, and the exceptions are given directly thereafter. The hard constraints of a combinatorial nature are the following.
• Each nurse must be consecutively off duty from Friday to Sunday, or from Saturday to Monday, at least once during the scheduling period.
• Each nurse must be off duty at least 14 days during the scheduling period.
• A nurse should never work more than two consecutive evenings. Exception: There is a nurse who works evenings only.
• A nurse is not allowed to work a solitary day in between days on which she is off duty. Exception: The nurse working 50% of full-time is excluded from this rule.
• If a nurse works during a weekend, then she must work both on Saturday and Sunday. Exceptions: The nurses working 50% or 60% of full time, and some nurses with a fixed schedule.
• The evening shift on Fridays shall only be staffed with nurses working the weekend to follow.
• If a nurse works during a weekend, she has to be off duty on either Monday or Tuesday the following week.
• Around two thirds of the nurses are allowed to work at most 4 consecutive days, the remaining one third is allowed to work at most 5 consecutive days. Exception: One nurse is allowed to work at most 3 consecutive days.
The number of shifts scheduled per week can deviate from between 55% and 135% from a nurse's nominal number of shifts to be worked. The time bank, which in this case is measured in numbers of shifts, was set to ±3 shifts during the period. An objective for the whole scheduling period was to minimise the deviation between the nominal and the scheduled numbers of hours.
The head nurse wanted four soft constraints to be taken into consideration. Ideally, she would like all of these to be complied with, but from experience she knows that this is not possible. For future reference, when the result is to be analysed, these soft constraints are listed below.
• Five days in a row: The one third of the nurses allowed to work 5 days in a row prefer not to do so, and therefore they have a soft constraint that they shall work at most 4 days in a row. Exception: One nurse likes to work 5 days in a row.
• Solitary day off: A nurse should preferably not be off duty on a solitary day between two days of work.
• Evening, then off duty: Ideally, a nurse shall not be off duty the day after she works an evening shift. Exception: One nurse prefers this.
• Two evenings in a row: If possible, the nurses should not be scheduled to work two evenings in a row. Exception: The nurse who work evenings only.
Only a few requests were made by the nurses, and an example of such a request is a nurse who wanted to be off duty on Tuesday evenings. Because the number of requests was so very small, the reasonable ones were all complied with, and they will not be discussed further. When evaluating the fairness, the requests were not of interest; instead fairness was associated with the number of unpopular shifts each nurse had to work and with the fulfilment of soft constraints. The head nurse decided that the unpopular shifts should be distributed with respect to the percentage of full-time a nurse works, and with some support from us, she then concluded that a fair distribution of these shift would correspond to what is presented in To achieve this distribution of shifts was a very important objective during the tabu search. As can be seen from the table, the head nurse had a special agreement with the nurse working 60% as well as with the nurse working 55%, who works evenings and weekends only. Nurses with a schedule fixed beforehand are not shown in this table.
The schedules
For the analysis of this case study, the following four main issues are of interest.
• Does the schedule comply with the hard constraints?
• Is there a deviation between the staffing demand and the staffing levels?
• Is the distribution of unpopular shifts fair?
• How many times, if any, are the soft constraints violated for each nurse?
The tabu search was set to run for a few hours, and the outcome of the search was highly satisfactory, making it easy to answer the first three questions. The schedule complied with all the hard constraints as well as with the staffing demand. The distribution of unpopular shifts was made according to Table 6 , which was a very welcome result since we did not know beforehand if this was possible. The deviation between the nominal and the scheduled numbers of hours was at most 3 hours per nurse, something which is acceptable in practice. As was expected, some of the soft constraints were violated, and this will be further discussed.
The violations of soft constraints are presented in Figure 7 , with the number of occasions specified for each nurse. Because the constraints are not exactly the same for all the nurses, it could be rather difficult to draw any conclusions from the figures presented without taking the exceptions from the rules into consideration. In Figure 7 , the nurses are numbered from 1 to 29. The first 16 nurses are allowed to work at most four consecutive days, and they follow the regular constraints only. Nurses 17-29 are associated with some kinds of exceptions to be further discussed. Nurses 17-19 have fixed schedules for the whole scheduling period, and they are therefore not affected by the soft constraints. For nurses 20 and 21, the schedule is fixed for one half of the scheduling period each, which means that they are less affected by the soft constraints, something which is also true for nurse 22, who also has a partly fixed schedule. Nurse 23 works evening shifts only, which means that some of the soft constraints do not apply to her. Number 24 is the nurse who wants to be off duty the day after she has worked an evening shift, and therefore the occurrences of such events are not included in the figure. Nurses 25-29 do not work many weekends, which makes it more difficult to avoid having them working 5 days in a row. Out of these five, nurse 29 prefers to work 5 consecutive days.
Studying the sixteen nurses following the regular soft constraints, one can conclude that it was difficult to avoid solitary days off, something which occurred 4-5 times for each of these nurses. The explanation to this is found when studying the other constraints and the staffing demand. The combination of having a schedule with both weekdays and weekends, along with the rules for how to work weekends (for example being free on Monday or Tuesday) makes it difficult to create many occurrences of consecutive days off, because the nurses have to alternate between working on weekdays and weekends. That each nurse has 4-5 solitary days off should be compared to the total number of days off for each nurse, which is at least 14.
The constraint preventing a nurse from having a day off after working an evening shift, as well as the constraint that forbids working two evenings in a row, are violated only a few times each, something which we find to be an acceptable result for a schedule to be usable in practice. Furthermore, from Figure 7 , it can be seen that the distribution of violated soft constraints is reasonably fair, and this is more important than the actual number of violations if the schedule is to be acceptable to the ward.
Feedback from the ward and discussion
Since the tabu search succeeded in complying with all the hard constraints, the staffing demand, and with the distribution of unpopular shifts, a lot of attention during this case study was given to the soft constraints. As described earlier, some of them were more easily complied with than others, and the ones to be prioritised was decided by the head nurse. During this study, we have focused on finding a best possible schedule for the ward in this particular scheduling period, and this has been done empirically, in close collaboration with the head nurse. If one were to further evaluate the behaviour of the method, it could be of interest to study the kinds of solutions that it is possible to create, and preferably perform tests on many instances from the same ward.
The nurses' responses varied between very satisfied with the result and a bit more negative because some soft constraints were violated. The head nurse's response to this criticism was that the soft constraints are also violated with manual scheduling, and that a great advantage of using our tabu search method is that she does not need to decide for which nurses and when this should happen. Furthermore, she also consider "the computer" to be more objective and fair in its decisions.
Usually the head nurse works for one to two weeks creating a schedule, and by using our automatically generated schedule, this time was reduced to 4 hours. These four hours were used for inspecting and evaluating the result of the scheduling, and also for making small adjustments, such as extending or shortening shifts for the nurses in order to even out the deviation of ±3 hours between the nominal and the scheduled numbers of hours for the period.
The most telling result of this case study is the fact that the ward wants us to deliver a schedule the next time they need a new one, and that we will do so.
Concluding remarks
The long-term goal of our work is to develop an optimisation tool that functions as a practical tool for the automatic scheduling of nurses. That we managed to deliver usable schedules of high quality to both the wards in the case studies is very promising -and a huge leap in the right direction.
One objective of this paper was to illustrate the wide variety of issues to consider when scheduling nurses in practice. The two wards were chosen for the case studies because they differ significantly, and also because they are typical within their respective categories of Swedish nursing wards.
The tabu search method used does not play a central role in this paper, but instead merely serves as a means to be able to carry out the computations needed for the case studies. For future research within this area, it could interesting to develop a more efficient method, preferably less dependent on parameter settings, for solving the nurse scheduling problems described in our modelling framework.
Something that is common for all the wards that we have come across is the great importance of fairness, even though there are significant differences between the definitions of fairness. In Case study 1, fairness is associated with the fulfilment of requests only, while in Case study 2, it is associated with the soft constraints. It is also possible to combine the two aspects and let the fulfilment of requests and soft constraints interact. However, it can then be a challenge to obtain the right priorities between the two aspects.
One challenge when working with a new ward is to understand what is essential in their scheduling, and in order to be able to successfully deliver a schedule, it is of crucial importance to understand their values and traditions. During our work, the responses from the nurses have been both expectant and sceptical; expectant because of the time-consuming work and difficulties associated with the manual scheduling process, and sceptical mainly because they are afraid of losing control over the scheduling. Because of the nurses' scepticism, it is important to present the outcome of the automatic scheduling pedagogically and to emphasise that the optimisation tool only offers a qualified suggestion for a schedule. If it is considered beneficial, the nurses are allowed to make minor adjustments themselves.
The great benefit that our approach brings should be the time and effort saved if the head nurse is handed a schedule that is both feasible and fair. Other benefits are the objectivity of a computerised planning tool and the decrease in lead time for constructing av schedule.
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